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Empty nano-and microvoids in silicon, organosilicates, carbon, and organic-polymer based materials are of wide technological interest for applications in microelectronics industry. There is a strong demand of insulators with nanoporosities and low dielectric constant to substitute SiO 2 in new devices.
1,2 A new technology has been developed to obtain empty spaces under Si layers, starting from deep trenches annealed in hydrogen atmosphere. 3 Gate metal oxide semiconductor field-effect transistors have been realized with empty space in Si obtained by removing SiGe sacrificial layers. 4 Nanocavities formed in Si by H and He implantation and subsequent annealing are used for efficiently gettering transition metals, 5, 6 while H and He co-implantation have a synergetic effect in forming blisters suspended on empty cavities 7 and can be used in the synthesis of silicon-oninsulator films by the ion-cut process. 8 The knowledge of the bond terminations of the produced internal surfaces is essential in all the aforementioned applications. Decorations of buried surfaces, produced by chemical species present in the gas ambient during thermal treatments or by impurities ͑such as oxygen͒ present in the starting material, can occur. These decorations, changing the morphology of the surfaces, influence the electrical and gettering properties. Furthermore, it is of interest to obtain, with a nondestructive technique, a quantitative evaluation of the in-depth position of the micro-and nanocavities and vacancy clusters produced by ion implantation. 9, 10 The aim of this letter is to show that, with the positron annihilation spectroscopy ͑PAS͒, it is possible to gain information on the surface decoration of buried cavities of different types produced in the same sample. The studied system is p-type ͑100͒ Si ͑1.7-2. 12 The structure of the cavities in samples prepared in the same setup as described above, and annealed at 800 and 900°C have been investigated by transmission electron microscopy ͑TEM͒. 7 The draft in Fig. 1 presents the different defects detected by TEM after sample annealing at 900°C: blisters of different shapes, above buried empty microcavities, spaced by a defective layer of distributed nanocavities and dislocation loops centered at a depth of about 290 nm. Buried microcavities under the blisters can have an elongated shape with length up to 4 m and hundreds of nanometers wide, or a more irregular shape. The silicon layers above the buried microcavity have different thicknesses ͑in Ref. 7 a blister with a layer of 150 nm is characterized͒ and are plastically deformed.
Three PAS techniques 13 have been employed to completely characterize the open volume structure of the sample and to obtain information on the surface terminations of the cavities. ͑1͒ Doppler broadening spectroscopy ͑DBS͒ in coincidence: to study the high-momentum region of the 511 keV annihilation line, due to positron annihilation with core electrons. decoration of open volume defects. 14-16 ͑2͒ DBS: to study the low-momentum region around the 511 keV peak position, due to positron annihilation with valence electrons. From DBS, the distribution of open volume defects and the positron trapping probability can be extracted. 10, 17 Both experiments were carried out with a continuous slow positron beam. 18 Two high-purity germanium ͑HPGe͒ detectors 45% efficiency, 1.4 keV resolution at 511 keV, in a 180°configu-ration were used for coincidence-DBS while a HPGe ͑1.2 keV resolution͒ was used for DBS measurements. ͑3͒ Positron annihilation lifetime spectroscopy ͑PALS͒ with a pulsed slow positron beam with a total time resolution ͑puls-ing plus detector system͒ of 230-250 ps, 19 to characterize unambiguously the type of open volume defects. Both positron beams used have a spot of some mm 2 on the sample position and portions of the sample that contain many blisters are probed in each measurement.
The information about the surface terminations and chemical decorations is contained in the coincidence-DBS measurements of the 511 keV annihilation line C͑E , E ␥ ͒ at a positron implantation energy E. E ␥ is the energy of the annihilation gamma ray. This information is highlighted by peaks or valleys in ratio curves constructed as the ratio between the 511 keV annihilation line measured in the sample under investigation and a reference 511 keV annihilation line C b ͑E ␥ ͒, measured in bulk Si, that is, at high positron implantation energy. 15, 16 In Fig. 2͑a͒ the ratio-curves obtained by measuring C͑E , E ␥ ͒ at four positron implantation energies E, are reported. Each curve C͑E , E ␥ ͒ is a linear combination of different terms:
where C s ͑E ␥ ͒ and C t,j ͑E ␥ ͒ are the characteristic annihilation line of positron annihilating at the sample surface and in the traps j. f s , f t,j , and f b are the fractions of positron annihilating at the sample surface, in the different traps j and in the bulk state, respectively. The C t,j ͑E ␥ ͒ / C b ͑E ␥ ͒ curves are related to the structure and decoration of the traps and can be obtained solving a system formed with j + 1 equations of the linear combination just described.
The positron fractions ͑f s , f t,j , f b ͒, needed to solve the system are extracted by modeling the DBS measurements with the positron diffusion equation ͑details in Ref. 10͒ . The Doppler broadening of the 511 keV annihilation line is characterized by the shape parameter S. The S parameter that characterizes the low-momentum region is defined as the ratio of the counts in the central area of the peak ͑our choice: ͉511 keV− E ␥ ͉ ഛ 0.85 keV͒ and the total area of the peak ͉͑511 keV− E ␥ ͉ ഛ 4.25 keV͒. 13, 17 The S values were normalized to the Si bulk value S b ͑S n = S / S b ͒. The S n values as a function of positron implantation energy E are shown in Fig.  3 . E is related to the mean positron implantation depth z through the formula z = ͑40 E 1. 6 ͒ / , with z in nm when the density and the E are expressed in g / cm 3 and keV, respectively. 17 The best fit to the data of Fig. 3 was obtained with only two positron trap profiles: a derivative of a Gaussian, mean depth of 90± 5 nm, and a Gaussian centered at 290± 5 nm ͑40± 20 nm full width at half-maximum͒. The characteristic S n values of the two traps were found to be S t,1 = 0.903 and S t,2 = 1.133, respectively. The fractions f are reported as a function of E in the inset of Fig. 3. f t,1 and f t,2 are the fractions of positrons trapped in the two trap types. The positron effective diffusion length, which takes into account a possible surface field 17 and dopant concentration, 20 was found to be 100 nm by fitting Si͑100͒ nonimplanted samples. The correctness of L + used for fitting the damaged sample is confirmed a posteriori by the good agreement between the cavity depth distribution found by positron and the direct TEM observation. We have also tested that, due to the high trapping rate of the defects, variations up to more than +50% of L + change by less than 5% the values of the f, and this change does not affect the extracted C s ͑E ␥ ͒, C t,j ͑E ␥ ͒.
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The
, extracted solving the system, are now shown in Fig.  2͑b͒ . A variable average smoothing was applied to the ratio curves from E ␥ = 515 keV. The spectra have been normalized to unity. The C s ͑E ␥ ͒ / C b ͑E ␥ ͒ curve is due to positron annihilation in the native SiO 2 at the Si external surface. The peak at E ␥ = 514 keV due to annihilation with oxygen atoms is well visible. 16, 22 The C t,2 ͑E ␥ ͒ / C b ͑E ␥ ͒ is characteristic for annihilation in the traps with the more deep distribution: the high S t,2 value 10,17 is a clear indication of annihilation in the nanocavities and the shape of the ratio curve shows that the 
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surfaces of these cavities have no decoration. 16, 21, 23 The C t,1 ͑E ␥ ͒ / C b ͑E ␥ ͒ curve is characteristic for the traps with the lower S n ; its peak is perfectly superimposed to that due to positron annihilation with oxygen atoms. These second traps are the surfaces of the microcavities below the blisters that turn out to be decorated by oxygen. The distribution ͑mean depth 90 nm, asymmetric full width at half-maximum from 25 to 240 nm͒, in this case, must be interpreted as the distribution of the mean thickness of the Si layer above the microcavities.
The analysis of the lifetime spectra, excluding the presence of other traps except micro-and nanocavities, strongly supports these results. The lifetime spectra, at each positron implantation energy, are perfectly fitted 24 by two lifetimes 1 , and 2 with intensities I 1 and I 2 , respectively ͑see Fig. 4͒ . The shorter lifetime, 1 , is the positron bulk lifetime in Si ͑225 ps͒. At low implantation energies, 1 is reduced ͑about 150 ps͒ by the Si surface, which acts as a sink for freely diffusing positrons. In fact, at these low implantation energies the positron implantation depth ͗z͘ is ഛ50 nm, less than the diffusion length of 100 nm, and the majority of positrons that are implanted in the first 100 nm below the surface, have a higher probability of reaching the surface in a minor time. From 5 keV up, ͗z͘ is 200 nm up, and the implantation profile extends to more than 400 nm: about 60% of positrons are trapped with lifetime 2 , ͑see subsequent discussion͒, and only a small fraction of remaining positrons in the bulk state is at a distance less than 100 nm from the surface of the nano-and microdefects. The possible shortening of 1 , in this case, is too small to be observed. The longer lifetime 2 that arises from positron annihilation at the Si surface and in the two traps, starts from about 420 ps at low E and reaches 480 ps at E = 4.5 keV ͑the variation of I 2 is shown in the inset of Fig. 4͒ . The lifetime 2 does not saturate, around 5 keV, at the positron lifetime in clean silicon nanocavities ͑500-520 ps͒. 13, 21 Indeed, the positron lifetime at the buried surfaces is expected to be similar to the lifetime of a positron trapped in the native SiO 2 surface covering the Si sample ͑about 400 ps͒. The value of 480 ps comes out as a combination between the lifetime of positron annihilating at the buried decorated surfaces and in the clean cavities. The lack of lifetimes shorter than 400 ps and higher than 225 ps, indicates that the Si layer above micro-and nanocavities is free of vacancies or small vacancy clusters 13 and confirms that the S t,1 value and the curve C t,1 ͑E ␥ ͒ / C b ͑E ␥ ͒ are effectively correlated and characterize the surface below the blisters.
It is worth noting that the S t,1 ͑0.903͒ value characterizing the positron annihilation at the buried surfaces is near to S values found in defected thermally grown SiO 2 . 17 Basic studies will be necessary to understand the process that brings oxygen to be present on the surfaces of the large cavities below blisters and not on the surface of the nanocavities.
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